Introduction
Single wall carbon nanotubes (SWNTs)
1,2 show a unique collection of physical properties that make them one of the most promising nanomaterials.
3 Their mechanical properties are already exploited in a variety of commercial applications, 4 and examples of advanced SWNT-based electronic devices are being developed. [5] [6] [7] [8] [9] [10] The chemical modication of SWNTs can tune their properties and/or improve their processability. To this end, both covalent and supramolecular approaches have been extensively explored.
11-15 Each approach shows advantages and disadvantages that make it suitable for certain applications. The formation of covalent bonds implies higher stability and is typically used if permanent changes to the surface of the SWNTs are required. [16] [17] [18] On the other hand, noncovalent chemistry occurs under equilibrium, and offers the possibility of switching the interactions on and off in response to stimuli.
19-21
A much less explored alternative is the combination of both covalent and noncovalent chemistries for nanotube functionalization, where the formation of covalent bonds triggers a particularly stable noncovalent interaction. Campidelli and co-workers have described the supramolecular encapsulation of SWNTs within porphyrin networks linked in situ through either S-S 22 or C-C 23 covalent bonds. More recently, Bao and coworkers have exploited the reversibility of imine bonds for the formation and removal of a conjugated polymer that wraps around large diameter SWNTs with extreme selectivity, allowing for their facile purication. 24 We have introduced the mechanical bond as a new tool for the modication of SWNTs that exploits and combines the advantages of covalent and noncovalent chemistries. [25] [26] [27] [28] Briey, we utilized linear precursors equipped with terminal alkenes and two recognition units for SWNTs that help template the macrocyclization around the nanotubes through ring-closing metathesis (RCM). The products obtained are pseudorotaxanelike mechanically interlocked derivatives of SWNTs (MINTs).
29
Due to the use of alkene metathesis in the nal clipping synthetic step, a possible competing reaction is the formation in situ of oligomers/polymers of the linear precursor through acyclic diene metathesis polymerization (ADMP). The oligomers could then wrap around the SWNTs forming particularly stable supramolecular associates (Fig. 1) .
A series of control experiments showed that in the case of both exTTF and pyrene-based macrocycles, the fraction of SWNTs functionalized by oligomers was insignicant compared to MINTs. [25] [26] [27] [28] However, as illustrated by the examples described above, [22] [23] [24] the formation of oligomer-wrapped SWNTs is oen advantageous.
Naphthalene diimides (NDIs) 30 are part of the rylene tetracarboxylic diimides family, 31 they show remarkable photophysical properties, and are well known air-stable electron acceptor building blocks in organic electronics. [32] [33] [34] [35] [36] Their pbasicity has been extensively utilized in supramolecular chemistry, most notably in the emerging eld of anion-p interactions, [37] [38] [39] [40] but also in the molecular recognition of fullerenes.
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Of more relevance to the present work, NDI derivatives are known to interact with SWNTs to form supramolecular hybrids. 43 With all these appealing properties in mind, we decided to explore the use of NDIs as recognition fragments in the synthesis of MINTs.
Here, we show that alkene-terminated NDI derivatives can be utilized to synthesize MINTs and oligomer-wrapped SWNTs through RCM and/or ADMP. The balance between MINTs and oligomer-wrapped nanotubes can be tuned by varying the solvent system.
Results and discussion

Design and synthesis of NDI macrocycle/oligomer precursors
The design of the NDI-based bisalkene linear precursors 1-3 is directly based on the exTTF and pyrene precedents. [25] [26] [27] [28] The molecules feature two NDI units as recognition motifs for SWNTs, a p-xylylene aromatic spacer, and alkene-terminated alkyl spacers of different lengths. Solubilizing branched alkyl chains had to be added to the aromatic spacer, as the products obtained otherwise are intractable due to their insolubility. Linear precursors (1-3) and macrocycles (4) (5) (6) were synthesized as shown in Scheme 1.
We modelled the interaction of the macrocycles with SWNTs in MINT topology ( Fig. 2A) , at the Molecular Mechanics (MM) level using the MMFF94 force eld, in order to accelerate the preparation of the experiments. The use of MM allows for a fast screening of candidate macrocycles, while providing a qualitatively correct description of their compatibility with the SWNTs. If the diameter of the SWNT is smaller than the cavity of the macrocycle, their mutual interaction remains very weak and can become slightly attractive when the macrocycle closes around the nanotube, thanks to a template effect. However, when the SWNT diameter increases, internal tensions within the structure of the NDI macrocycle become relevant and make the interaction become increasingly repulsive, which would favor the formation of oligomers. As in previous examples, 25, 28 we remain attentive to the quantitative limitations of this approach. In the present case, we have even increased the error bar to 20 kcal mol
À1
, to account for the higher deviation of the force eld with respect to ab initio calculations regarding the description of the diimide group. This larger uncertainty brings the favorable formation area below 20 kcal mol À1 and the validity limit of our model to 60 kcal mol À1 , still within range of half the intensity of a covalent C-H bond (40 kcal mol À1 ). In addition, the exibility of the alkyl chain -which was the key factor of compatibility for the molecules we studied previouslyis partly compensated for by the rigidity of the diimides. Fig. 2B illustrates this effect when the diameter of the SWNT increases: while the interaction between the macrocycle and the nanotube smoothly increases within the validity limits of our model for small diameters, it abruptly gives way to strongly repulsive interactions above 0.88 nm. From a geometrical perspective, this corresponds to a mechanical deformation of the diimides, which is highly unfavourable to the stability of 6. In experiments, its formation around wider nanotubes, such as (7,6) and (9,5), will thus not occur. Still, most of the chiralities present in the samples are found in the favorable diameter and energy ranges for the formation of MINTs.
Relationship of NDI loading with SWNT diameter and macrocyclic cavity
With the MM data in mind, we explored the RCM of 1-3 in the presence of (7,6)-enriched SWNTs (0.7-1.1 nm diameter, 95% purity aer purication), and (6,5)-enriched SWNTs (0.7-0.9 nm diameter, 95% purity aer purication), purchased from Sigma Aldrich Co. The nanotubes (5 mg) were suspended in 5 mL of either tetrachloroethane (TCE) or dimethylformamide (DMF), and mixed with the corresponding linear precursor 1-3 (0.83 mM) and Grubb's 2nd generation catalyst at room temperature for 72 hours. Aer this time, the suspension was ltered through a PTFE membrane of 0.2 mm pore size, and the solid washed profusely with CH 2 Cl 2 to remove non-threaded macrocycles, catalyst, and any remaining linear precursor. The solid products thus obtained were analyzed through thermogravimetric analysis (TGA), affording the results summarized in Table 1 . Control experiments with preformed macrocycles 4-6 or linear precursors 1-3 without Grubbs' catalyst lead to much lower functionalization (see the ESI †). In contrast, if Grubbs' catalyst is added the reaction leads to the same products using either the macrocyclic or linear precursors, proving that the metathesis reaction is reversible under our experimental conditions.
The rst observation is that the degree of functionalization in TCE is signicantly lower for the NDI macrocycles than for the previously reported exTTF or pyrene macrocycles. For instance, for the product of the reaction between 1 and (6,5) SWNTs in TCE, a functionalization of 19% was observed, compared to 35% for an exTTF macrocycle with the same alkyl spacer under identical experimental conditions. 28 These results suggest a signicant decrease in affinity of the NDI macrocycles for the SWNTs when compared to their exTTF counterparts, which can be accounted for by the smaller van der Waals surface of NDI and its lack of curvature, compared to exTTF.
44
Considering that it is known that the NDI-SWNT interaction is enhanced in polar solvents, 43 we attempted the MINT formation reaction in DMF, a polar solvent compatible with RCM conditions in which the nanotubes are satisfactorily dispersed. First, we measured the association constants of the monomer towards the nanotubes in both TCE and DMF at room temperature, using our previously reported method. 45 As expected, we observed a signicant increase of one order of magnitude of the binding constant in the more polar DMF with respect to TCE. In particular, we measured log K a ¼ 2.6 AE 0.1 M À1 for 3$(6,5) SWNTs in TCE and log K a ¼ 3.5 AE 0.2 M À1 for the same system in DMF (see the ESI †). This explains the larger degree of functionalization that we consistently observe in DMF, as it would favor both the formation of MINTs and of oligomer-wrapped SWNTs. A second fact is that the degree of functionalization bears no clear dependence on the match between the diameter of the nanotubes and the size of the cavity of the macrocycles, particularly for the reactions run in DMF. For example, for the reaction of linear precursors 1, 2, and 3 with (7,6) SWNTs in TCE, the TGA shows 20, 21 and 23% functionalization, respectively. That is, the degree of functionalization increases with cavity size, even if only slightly. 26 However, for the same reactions in DMF, TGA analysis yields 49, 48, and 52% functionalization.
Stability of the noncovalent functionalization and kinetics of the non-templated metathesis reaction
We have previously reported that MINTs are sufficiently stable to withstand a strong thermal treatment, namely reux in TCE (b.p. ¼ 147 C) for 30 min, followed by a thorough rinse with CH 2 Cl 2 . Under these high-temperature conditions, even particularly stable supramolecular complexes should dissociate, due to the weakening of noncovalent interactions. Indeed, when we subjected our samples to this demanding test of stability, a decrease in the degree of NDI material was observed in all cases, in agreement with the presence of oligomer-SWNT supramolecular hybrids. Moreover, a difference between the solvents is also apparent. For the reactions run in the nonpolar TCE, the loss of NDI loading upon thermal treatment is small. For instance, for linear precursor 3, the functionalization decreases from 23 to 19% for (7,6) SWNTs. However, for the reactions run in DMF, the loss of functionalization is much larger. Taking the same linear precursor and nanotubes for comparison, the loading goes from 52% to 38%. This is in sharp contrast with our previous ndings for the exTTF-based or pyrene-based MINTs, where no signicant loss of functionalization was observed.
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The large initial loading of NDI material, the lack of a clear relationship between macrocycle cavity and SWNT diameter and functionalization, and the signicant loss of loading upon reuxing in TCE observed for the MINT-forming reactions run in DMF can all be understood if the participation of oligomers is signicantly larger in the more polar solvent. In that case, the oligomers, which are attached to the SWNTs through noncovalent forces only, would be removed aer the thermal treatment, leaving the mechanically interlocked macrocycles behind.
Persuasive experimental evidence for this hypothesis was provided by analysis of the ltrate resulting from the TCE boiling experiment. No signs of cyclic species were observed, proving that the MINTs do not dissociate even under these harsh conditions. Moreover, analysis of the ltrate originating from the reaction run in TCE showed no signs of oligomers.
Investigation of the metathesis reaction of 3 in the absence of template through 1 H NMR provided an explanation for the prevalence of oligomer-wrapped SWNTs in DMF (Fig. 4) . In TCE, the reaction is very slow, and only a very small concentration of oligomers, with no signicant amount of macrocycle 6, can be found aer 24 h of reaction. In contrast, in DMF, all the starting material was consumed to produce a complex mixture composed mainly of oligomers with only a small fraction of 6. The faster reaction rate for the formation of oligomers in DMF favours the non-templated pathway depicted in Fig. 1 , which can only lead to oligomer-wrapped SWNTs.
TEM and AFM imaging
Investigation of the reaction products under transmission electron microscopy (TEM) and atomic force microscopy (AFM) is also consistent with the coexistence of MINT-like products and oligomer-wrapped SWNTs. For example, exploration under TEM of the product of the reaction of 3 with (6,5)-enriched SWNTs in DMF shows SWNTs with quite heavily functionalized walls (Fig. 5A) . Although the material is much more sensitive to the electron beam than our previous MINT samples, which hampered correct focusing, we could observe individual circular objects of adequate size to be macrocycle 6 (ca. 2 nm), which are highlighted with red arrows in Fig. 5B and C. Besides that, areas of the nanotubes which are continuously modied by what appear as helical elongated molecules are also apparent, for instance that marked between two white arrows in Fig. 5B .
AFM reveals individualized SWNTs (height ca. 0.6 nm, odd proles in Fig. 5D and E), which in several areas are fully covered with a dense layer of NDI material of height around 2 nm (even proles in Fig. 5D and E), which could be either oligomer-wrapped SWNTs, or densely packed macrocycles in MINTs. Some individual macrocycles can also be seen, such as those shown in Fig. 5F .
Effects of the supramolecular functionalization on the electronic properties of the SWNTs
As we have shown, the use of TCE results in mostly MINT-type products, while the reactions run in DMF show a mixture of MINTs and oligomer-wrapped SWNTs. Are these structural differences reected in altered spectroscopic features? Indeed, we found signicant differences in the Raman spectra of the products obtained from the metathesis reactions in TCE and DMF. The results of an average of at least three spectra for each product for linear precursor 3 under 532, 633, and 785 nm excitation are summarized in Table 2 .
The lack of a consistent increase in the I D /I G ratio, together with the clearly visible RBMs (Fig. 6) , indicates that the products are not functionalized covalently in any case, 46 as expected for the metathesis reaction conditions. Compared to the pristine nanotubes, the samples run in TCE show larger differences in their G band Raman shi than those from reactions carried out in DMF, even though their degree of functionalization is signicantly smaller. For instance, under 532 nm excitation, all products show a small downshi of the G band, indicative of the absence of signicant charge-transfer from the nanotubes to the acceptor NDI unit under these conditions. Quantitatively, the shis for the products from reactions run in TCE and DMF are on average À3 cm À1 and À1 cm À1 , respectively. The difference between the products obtained in each solvent becomes clearer under red and near-infrared irradiation, where there is a marked upshi of the G band (9-12 cm À1 ) for the products of the TCE reaction, consistent with signicant charge transfer from the SWNTs to the NDI units. In contrast, the products of the reactions run in DMF show much smaller shis (2-8 cm À1 ).
For instance, in the case of 3-(7,6) under 633 nm excitation the G + band appears at 1580 cm À1 for the pristine SWNTs, at 1590 cm À1 for 3-(7,6)-TCE and at 1583 cm À1 for 3-(7,6)-DMF (Fig. 6) . These results conrm a less efficient SWNT-NDI interaction in the case of the DMF compared to the TCE products, despite the larger degree of functionalization. Remarkably, aer the thermal treatment, the TCE samples show basically no change in their Raman spectra, whereas those from reactions carried out in DMF suffer larger shis with respect to the pristine SWNTs, approximating those of the TCE samples. For example, for 3-(7,6)-DMF, the G + band shis from 1583 cm À1 to 1587 cm
À1
, compared to 1590 cm À1 for 3-(7,6)-TCE (Fig. 6 ). These changes are in agreement with MINTs becoming predominant in the DMF samples aer the thermal treatment.
The absorption and photoemission spectroscopy of the samples also reects the type of functionalization. Fig. 7A depicts the UV-vis-NIR absorption spectra of pristine (7,6)-enriched SWNTs (black), and the products of their reactions with 3 in TCE (red) and DMF (green).
The SWNTs show absorption features in the S22 and S11 † regions of the spectra corresponding to various chiralities, with the (7, 6) features at approximately 660 nm and 1120 nm being particularly prominent. 47 Upon functionalization in TCE, we observe small red shis of all bands in analogy with our previous results for MINTs. 25, 26, 28 The absorption features of the sample treated in DMF are remarkably different. The relative intensity of the absorption at 1310 nm, which we tentatively assign to either (13, 2) or (9,7) SWNTs, 47 increases signicantly, most likely due to improved solubility due to functionalization. Since such SWNTs have diameters of around 1.1 nm, and are way too large to undergo MINT formation (see Fig. 2B ), we assume they must be oligomer-wrapped.
The 3D photoluminescence excitation (PLE) maps shown in Fig. 7B -D provide more information. The pristine SWNTs show emissions corresponding to (6, 5) , (7, 5) , (8, 4) , (9, 4) and (7, 6) SWNTs. Upon functionalization in TCE, the luminescence of the smaller (6, 5) SWNTs is nearly completely quenched, the (7,5) SWNTs also suffer strong quenching, but are still visible, and the larger nanotubes are quenched to a lesser extent. In contrast, the nanotubes functionalized in DMF show no photoluminescence irrespective of their chirality, and despite being well dispersed according to their absorption spectra. Although luminescence quenching is a complex phenomenon and quantitative conclusions cannot be extracted, our observations point to a chirality-dependent functionalization in TCE and to a nonselective functionalization in DMF, in line with the MM calculations and TGA data. Fig. 8A shows the changes to the C 1s region of the X-ray Photoelectron Spectra (XPS) upon functionalization of the (7, 6) SWNTs with 3. The pristine sample is intrinsically asymmetric and its main component, related to the primary graphitic peak of carbon or sp 2 , is represented by a Doniach-Sunjic function with an asymmetry parameter a ¼ 0.18 and centered in a binding energy of 284.4 eV. The asymmetry of this component is associated with the many-electron response to the sudden creation of a photohole. 48 The rest of the peaks can be perfectly reproduced by Gaussians, as with the typical plasmon loss centered at 290.8 eV and the sp 3 or amorphous carbon at 285.3 eV, visible even in the pristine sample as a result of the hybridization of the sp 2 component.
Aer treatment with 3, new features appear in the spectra. Centered at 286.1 eV and at 285.9 eV there is a component that can be assigned to C-N bonds and/or C-O bonds. In agreement with the small degree of functionalization, N is hardly detected for the TCE sample, so the peak at 286.1 eV can be safely assigned to C-O species, which are more abundant in 3. In the DMF case, this peak is centered at a slightly smaller energy (285.9 eV), and we assume both C-O and C-N functional groups are contributing. To complete the t it was necessary to add another component at 289.1 eV for the TCE and 288.4 eV for Partial Raman spectra of (7,6) SWNTs (black line) and the reaction product of 3 with (7,6) SWNTs in TCE before (solid red line) and after (dashed red line) reflux in TCE. (D) Partial Raman spectra of (7,6) SWNTs (black line) and the reaction product of 3 with (7,6) SWNTs in DMF before (solid green line) and after (dashed green line) reflux in TCE. To study the changes in the valence band with the different functionalization protocols, UPS spectra were also acquired. Fig. 8B shows the valence band of the pristine (7,6) sample (black circles), where most of its features are typical of semiconducting SWNTs, which are in turn directly related to those of graphite: the 2p-s states around 5 and 8 eV below the Fermi level and the mixed s-p hybridized states around 10 eV, that come from the curvature of the SWNT.
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However, in the pristine sample, the 2p-p band located at 3 eV expected for graphite, is not evident here due to the proximity of the border of the valence band at 2 eV, far away from the Fermi level, which gives the semiconductor character to the SWNTs. Aer reaction with 3 in TCE (red circles) and DMF (green circles) the valence bands show in both cases the typical oxygen band around 6 eV and a signicant approach of the border of the valence bands towards the Fermi level (see vertical arrows in Fig. 8B ). In line with the Raman results, this effect is more marked for the samples functionalized in TCE, despite the smaller degree of functionalization.
Conclusions
In conclusion, we have described a novel method for the noncovalent functionalization of SWNTs. We used NDI-based bisalkene precursors that can either ring-close around the SWNTs to form rotaxane-like MINTs or oligomerize through ADMP and then wrap the SWNTs. By varying the solvent system we can control the nal outcome of the reaction. In TCE, the NDI precursors show lower affinity for the SWNTs, and the nontemplated metathesis reaction is very slow. The combination of these two factors favours the formation of the more stable MINTs. In contrast, in DMF, the non-templated reaction is signicantly faster, and the NDI precursors show much larger binding constants towards SWNTs, which results in the formation of a substantial amount of oligomer-wrapped SWNTs.
The formation of MINTs in TCE depends on the match between the cavity of the macrocycle(s) and the diameter of the SWNTs. Meanwhile, the degree of functionalization in the reactions run in DMF is fundamentally diameter-independent and consistently leads to larger NDI loading. Each type of functionalization affects the electronic properties of the SWNTs differently, which is reected in changes in their Raman, UV-vis-NIR, PLE, XPS and UPS spectra.
Our results illustrate how the combination of covalent and noncovalent chemistries opens the door to novel types of functionalization of SWNTs in which the degree of functionalization, the electronic interaction between the nanotubes and their supramolecular partners, and, most remarkably, their topology 51 can be varied.
